Background: Receptor dependent clathrin-mediated endocytosis (CME) is one of the most important endocytic pathways for the internalization of bioparticles into cells. During CME, the ligand-receptor interactions, development of clathrin-coated pit (CCP) and membrane evolution all act together to drive the internalization of bioparticles. In this work, we develop a stochastic computational model to investigate the CME based on the Metropolis Monte Carlo simulations. Methods: The model is based on the combination of a stochastic particle binding model with a membrane model. The energetic costs of membrane bending, CCP formation and ligand-receptor interactions are systematically linked together. Results: We implement our model to investigate the effects of particle size, ligand density and membrane stiffness on the overall process of CME from the drug delivery perspectives. Consistent with some experiments, our results show that the intermediate particle size and ligand density favor the particle internalization. Moreover, our results show that it is easier for a particle to enter a cell with softer membrane. Conclusions: The model presented here is able to provide mechanistic insights into CME and can be readily modified to include other important factors, such as actins. The predictions from the model will aid in the therapeutic design of intracellular/transcellular drug delivery and antiviral interventions.
Introduction
Delivery of drugs utilizing nanoparticles has been of great interest in recent years. The drug containing particles can enter cells through passive diffusion [1] [2] [3] , or through active interactions. Among them, the receptor-mediated endocytosis (RME) is one of the most important processes utilized by bioparticles (such as viruses [4] [5] [6] and drug carriers [7] [8] [9] ) to enter the targeted cells. RME plays a central role in the control of essential cellular functions, modulation of membrane composition and regulation of many intracellular signaling cascades. Among the different types of endocytic pathways, the receptor dependent clathrin-mediated endocytosis (CME) is the most common pathway utilized by viruses. Therefore, CME is by far the most studied and well-characterized endocytic pathway. As shown in Fig. 1 , CME is initiated by the interactions between ligands on the particle and the corresponding receptors on the cell membrane. The ligand-receptor binding triggers the transmembrane signals through, for example, the motifs of the cytoplasmic tails of receptors, which can be recognized by the endocytic components such as adapter complex 2 (AP2) and other accessory proteins [10] . Clathrin lattices are then recruited to the membrane inner leaflet at the endocytic site and form the clathrincoated pit (CCP). The invagination of membrane, or budding, then takes place as a result of the accumulating effects from the curvature inducing proteins. After forming a mature vesicle, the clathrin-coated vesicle (CCV) finally pinches off from the cell membrane by the dynamins. Since CME can efficiently transport relatively large particles (~100 nm and bigger), it is critically important for the therapeutic design of antiviral interventions and intracellular/transcellular delivery of drug carriers [11] . CME of bioparticles is a complex process, that involves particle coating ligands and a variety of cellular proteins, such as receptors, and the multifactorial machineries and signaling pathways associated with the clathrin, dynamin, and microtubule networks to name a few [12] [13] [14] [15] [16] . During CME, the particles first bind to the plasma membrane through interactions between surface ligands and cell receptors, then enter the cell as a result of the collective and cooperative interplay of membrane alterations, multivalent interactions and other factors. This highly complex process is dynamic and dictated by a variety of physical and biochemical events, such as particle motions, membrane reshaping and remodeling, receptor diffusion and protein-protein, protein-lipid interactions, occurring at multiple length and time scales.
Due to the complexity of the process, experimental exploration of CME is challenging. Theoretical continuum models have been developed to provide fundamental insights into CME of bioparticles [17] [18] [19] [20] [21] [22] . In these models, the energetic and entropic contributions from molecular scale interactions are averaged and approximated by continuum functions and the total free energy functional of the system is formulated. On the other hand discrete models, such as coarse-grained molecular dynamics [23, 24] and dissipative particle dynamics [25] [26] [27] [28] , have also been used to study CME. Due to the high computational cost, the sizes of the particles considered in discrete models are relatively small.
In this work, we implement a stochastic computational model for bioparticle entry through CME with Metropolis Monte Carlo (MC) method, which allows us to study the extreme deformations like budding as well as the growing of clathrin lattices during the deformation. The model is an integration of a previously validated particle adhesion model with a powerful three-dimensional stochastic membrane model. We also introduce the impact of CCP through coupling the growth of CCP with the ligand-receptor interactions. By utilizing transferrin (Tf) and transferrin receptor (TfR) as the ligand and receptor, we investigate the effects of particle size, ligand density and membrane bending rigidity on the CME. Our results show that the internalization efficiency of the particle is dependent on the combined effects of the three parameters. There exits intermediate particle size and ligand density that maximize the probability of internalization which agree with experimental observations. Finally, we show that the endocytosis is more favorable for softer membranes.
Material and methods

Particle binding model
The interactions between the particle and membrane are through the specific interactions between the ligands on the particle and receptors on the cell surface, as indicated in Fig. 2 . In our model, the particle is modeled as a rigid sphere and the particle surfaces is coated with a number of ligands that bind specifically to the receptors on the cell surface. The ligands and receptors are treated as cylinders with one end attached to the particle/membrane surface and the other free end as binding tip. The ligands are uniformly coated on the particle. The particle is allowed to translate and rotate. The receptors are placed normal to the local surface and can freely diffuse on the membrane. This model has been rigorously validated in our previous work [29] [30] [31] .
Membrane deformation model
The topology and deformation of the cell membrane are modeled through Helfrich Hamiltonian [32] , on a three-dimensional curvilinear triangulate system (see Fig. 3 ). The total energy E of the membrane is expressed as:
where κ and κ are the bending rigidity and Gaussian rigidity of the membrane. H = (c 1 + c 2 )/2 is the mean curvature and K = c 1 c 2 , the Gaussian curvature of the surface, where c 1 and c 2 are the principal radii of curvatures. H 0 is the intrinsic or spontaneous mean curvature of the membrane. Since the membrane has fixed topological type in our simulation, the Gaussian term remains a constant and is hence not included in the model. In this work, a square patch of cell membrane is discretized in a triangulate system. As illustrated in Fig. 3 , the system consists of a number of vertices, links and triangles. Details regarding the membrane model can be found in Ref. [33] . Periodic boundary conditions are applied on the membrane boundaries.
Clathrin model
There is a long lasting debate on the driving force for the deformation of membrane and the role of clathrin during the vesicle budding [34] [35] [36] [37] . In vitro, flat clathrin lattices can automatically form closed basket-like structure composed of pentagons and hexagons [38, 39] . This implies the closed basket-like structure is the energetically stable for clathrin assembly. Hinrichsen et al. [34] showed that clathrin is required for membrane budding. In the absence of clathrin, AP2 and other accessory proteins are able to form patches with similar size, but the patches do not have curvature. Recent work by Dannhauser and Fig. 1 . Schematic of the receptor dependent clathrin-mediated endocytosis (CME). Particle first binds with membrane through ligand-receptor interactions, then ligand-receptor interactions trigger the assembly of clathrin and formation of clathrin-coated pits (CCP). CCPs cause the deformation of membrane and formation of clathrin-coated vesicle (CCP). Finally CCV pinches off from the membrane by dynamins.
Ungewickell [37] has demonstrated that clathrin polymerization alone is able to provide sufficient curvature to bend the membrane and generate spherical buds.
In our clathrin model, the effects of clathrin on membrane are treated as additional intrinsic curvature and modified bending rigidity, and then the total energy of the system with clathrin is calculated as:
The first term accounts for the regions without clathrin and the second term represents the effects from clathrin. κ cla and H cla are the bending rigidity and intrinsic curvature of the clathrin coat. Since the CCPs are attached to the membrane bilayer through accessory proteins, we assume the cell surface and clathrin patch share the same local mean curvature. Banerjee et al. [40] presented a similar one-dimensional model for clathrin assembly. In their model, two additional terms accounting for protein-protein and protein-lipid binding during the formation of CCP have been considered. In our model, we have neglected those detailed interactions.
The receptor molecules have specific signal sequences at the end of their cytoplasmic domain, which bind to the adaptor protein AP2 facilitating the recruitment of clathrin coats [41] . Experiments have shown that the binding affinity between AP2 and membrane is increased by about 25-fold in the presence of receptor proteins [42] .
Binding to the corresponding ligand help stabilize the receptor molecules and may assist in AP2 recruitment leading to clathrin accumulation [43, 44] . Moreover, Ehrlich et al. [45] has demonstrated through experiment a steady growth of clathrin pit during the endocytosis of cargo (receptor) molecules. This indicates that the CCP is formed by the continuous accumulation of clathrin units. Based on the above evidences, the recruitment of the clathrin is modeled as a ligand-receptor dependent process. As shown in Fig. 3 , each time when a new bond between ligand-receptor is formed, clathrin accumulates at the new binding site. The impact from clathrin is represented by the curvature field. An intrinsic curvature H cla is applied to the vertices within an area, and the radius (14 nm) of the area is determined by the clathrin polygon detected from experiments [46] . In our simulations, κ cla = 200 k B T according to Ref. [40] . For H cla , experiments showed that diameter of the clathrin vesicles ranges from 20 nm to 100 nm depending on the accessory proteins [47, 48] . Here we use H cla = 0.036 nm −1 in Fig. 2 . Particle binding to membrane surface. The binding is through the interactions between ligands on the particle and receptors on the membrane surface. The bonded receptors (red) can bend and rotate, the free receptors (black) are always perpendicular to the local surface and can diffuse on the surface. simulations. The local clathrin will disappear if the nanoparticle completely detaches from the membrane surface.
Coupling of particle binding with membrane deformation
Once the bioparticle approaches the membrane surface, biochemical reactions between ligand and receptor may take place. The ligandreceptor interactions are modeled through the Bell model [49] :
where d is the distance between the binding tips of the interacting ligand-receptor, ΔG 0 is the equilibrium free energy change at d = 0, and k is the interaction bond force constant. The flexural movement of the receptors is another crucial component for antibody-receptor interactions since it is directly related to the entropy change during binding. For the receptor flexural movement, we allow the receptors to bend and rotate relative to the local normal direction. Under the assumption of small flexural deformations, we can model the flexure of a receptor as bending a beam from equilibrium (normal to cell surface) position, and the bending energy due to flexure can be calculated as:
where EI is the receptor flexural rigidity, L is the receptor length and θ represents the bending angle from the normal axis of the local triangle. The flexural rigidity is set to the rigidities between glycoproteins and actin filament [50] . The geometric parameters (such as the size of the ligands, receptors) are obtained from the crystal structures of the corresponding protein, and the reaction parameters (such as ΔG 0 , k, and reactive compliance) are determined by fitting the experimental data. Details on the determination of the parameters can be found in previous work [29] . The binding energy change for each interaction is the difference between the energy reduction by ligand-receptor interaction and the energy increase through receptor bending. Our system contains the following Monte Carlo steps: receptor diffusion, particle translation or rotation and membrane surface evolution. During receptor diffusion and particle translation/rotation, the membrane topology is fixed. For free receptors, they always move on the membrane surface and the receptors are pointed to the normal direction of the local surface. For the bonded receptors, new tip position is calculated through Rodrigues's rotation formula, which is able to transform the coordinates between two different Cartesian systems while keep the length and bending angle of the receptor unchanged. When the particle is translated or rotated, the ligands are translated or rotated along with the particle. The particle translation/rotation may cause the reaction energy change or even breakage of bonds between ligands and receptors. If the distance between the tips of the bonded antibody and receptor is greater than the reaction range after the movement, then this bond breaks and the receptor tip position is reset to be perpendicular to its local triangle.
On the other hand, during the membrane surface evolution, the positions of the particle and ligands are kept fixed. The membrane evolution causes the rearrangement of corresponding triangles. If a receptor belongs to any of the affected triangles, the position of the receptor should be adjusted accordingly. If the membrane movement causes the position change of any bonded receptor, then the variation of binding energy of the receptor should also be considered when calculating the total free energy change.
In each Monte Carlo step, one of the movements from above will be randomly selected and the system energy (U) for the new configuration (U new contains contributions from membrane elastic energy E (Eq. (2)), ligand-receptor reaction energy ΔG r (Eq. (3)) and the receptor flexural energy ΔG f (Eq. (4))) will be calculated, and then the new configuration will be accepted with the following probability: min{1, exp [−(U new − U old )/k B T]}, where k B is the Boltzmann constant and T is the system temperature. In addition, we will also account for the ligandreceptor bond formation and breakage by a stochastic process. Within a reaction distance, a ligand-receptor pair will be randomly selected and if they are unbonded, the bond will form according to the following probability: min{1, exp[−ΔG/k B T]}. If the pair is already bonded, the bond will break according to min{1, exp[ΔG/k B T]}, where ΔG is the energy change due to the bond formation/breakage calculated from Eqs. (3) and (4). It is worth to mention that, different from the physical time steps in regular molecular simulations, our Monte Carlo simulations are seeking equilibrium configurations of the system by sampling different energy states generated at different Monte Carlo steps.
Results and discussion
Receptor dependent CME has been the most studied and wellcharacterized pathway for targeted drug delivery [51, 52] . Among various targeting receptors, the cellular transferrin receptors (TfRs) have been identified as promising targets for many diseases. TfRs play crucial roles during cellular iron transport for various types of cells [53] [54] [55] [56] , therefore the TfRs are usually overexpressed in malignant cells which need high level of irons for cell growth [57] . As a result, the corresponding ligand, transferrin (Tf), has been actively used for various drug delivery designs [7, 58, 59] . For example, the Tf conjugated anticancer nanoparticles have been found to increase the uptake against tumor cells with overexpressed TfRs [60] [61] [62] . Moreover, Tf coated nanoparticles have been designed for effective delivery of drugs across blood-brain barrier (BBB) [63, 64] . In this work, we implement our model to investigate the TfR-dependent CME process for drug delivery. Thus, the parameters for ligand-receptor interactions are chosen to mimic Tf-TfR binding. A summary of the simulation parameters is provided in Table 1 . In the following sections, a number of important design parameters, such as the particle size, ligand density and membrane bending rigidity, will be studied in details.
Effect of particle size
The size of clathrin-coated pits (CCP) during the CME varies for different species and cell types. The yeasts and plants such as Saccharomyces cerevisiae and Arabidopsis have small vesicle size of ∼ 30-60 nm in diameter, while vesicles with diameter ∼200 nm in mammalian cells such as chicken oocytes are observed [72, 73] . In virus entry, an average diameter of at least~120 nm vesicle is required for a spherical influenza virus [74] . Large vesicles with at least 180 nm in diameter are needed for the vesicular stomatitis virus (VSV) [75] . The size of the vesicles depends largely on the size of the cargos [15] . Rejman et al. [76] have shown in cell culture experiments that the particle size strongly affected the cellular uptake efficiency, and even the endocytic pathways. They demonstrated that smaller particles (< 200 nm in diameter) enter cell through clathrin-mediated endocytosis, while larger particles (500 nm in diameter) through caveolae-mediated endocytosis. Moreover, recent experiments [70] have shown that the size of the particles played important roles during receptor-mediated transcytosis of nanoparticle across blood-brain barrier. Hence, the particle size is a key design factor for biomedical applications. Many studies have demonstrated the importance of particle size and also found that there exits an optimal particle size with higher efficiency than either smaller or larger particle sizes [77] [78] [79] . We study the particle size effect on clathrin recruitment and endocytosis by varying the particle sizes from 40 to 160 nm in diameters. We assumed a constant ligand density of ∼ 5200/μm 2 , which is lower than the maximum Tf content density on a spherical particle [70] . The membrane surface has a bending rigidity of 20 k B T in all cases. Fig. 4(a) shows the area of CCP as a function of different particle sizes. In general, larger particles cause the formation of larger CCP. Fig. 4(b) shows the equilibrium profiles of the membrane-particle systems with small (40 nm), medium (80 nm) and large (160 nm) particles, and the corresponding number of ligand-receptor bonds as a function of Monte Carlo steps. As shown, for small particles, small area of CCP (pink area) is formed as the particle approaches to the membrane and Tf-TfR interactions take place. However, no clear invagination of membrane is observed throughout the simulations and the particle frequently attaches to and detaches from the membrane surface. As indicated from the bond formation, only a few bonds form and break and the number of bonds often goes to zero throughout the simulations. This is consistent with the experimental observations that certain threshold clustering of small particles has to be reached to trigger the internalization process [80] . As the particle size is increased, more TfTfR bonds are formed stimulating the accumulation of CCP. As a results, the membrane rapidly wraps the particle and a mature vesicle with clear neck region is observed. On the other hand, when the particle size is further increased, as shown in Fig. 4(b) , the particle internalization becomes more difficult. Internalization of larger particles requires larger CCPs, but depletion of the local receptors affects the clathrin accumulation and delays the internalization. As illustrated in the bond formation, the number of Tf-TfR bonds quickly increases at the beginning of the attachment and then saturates. This effect is reflected as the nonlinear behavior at larger particle size in Fig. 4(a) .
Ligand density effect
The ligand density on the particle is another tunable parameter influencing the CME during drug delivery. Banerjee et al. [81] has shown that the cellular uptake through CME was proportional to the ligand density of Tf conjugated particles. In a recent mice study, Wiley et al. [70] has demonstrated that the Tf coated gold nanoparticles can be transported from the luminal side of the BBB to the brain parenchyma. They found that gold nanoparticles with high density of transferrin remain strongly attached to brain ECs, whereas nanoparticles with relatively low transferrin density can pass through the EC and released in the brain side. However, nanoparticles did not attach to receptors on the BBB if the transferrin density is too low. To investigate the ligand density effect on the CME, we fix the particle size at 100 nm and vary the number of ligands on particle as 20, 30, 40, 60, 100, 162 and 200. These correspond to ligand densities from 645 to 6500/μm 2 . As shown in Fig. 5(a) , the area of CCP increases rapidly with the ligand density initially, but saturates after ligand density of 1935/μm 2 . At low ligand density (970/μm 2 ), as indicated in Fig. 5(b) , only a few Tf-TfR bonds form and break, triggering the appearance and disappearance of small areas of CCP. The interaction between particle and membrane is also weak and the particle is moving around on the membrane. At high ligand density (1935/μm 2 ), on the other hand, the particle firmly attaches to the cell surface as a result of increased number of Tf-TfR bonds. Simultaneously the area of CCP increases and eventually a clear vesicle is observed. Further increasing the ligand density will cause an increase of the number of ligand-receptor bonds but not affect the area of CCP. However, the increased number of bonds may cause a depletion of available receptors and slow down internalization of surrounding particles. It is interesting to find that the result for intermediate ligand density (1290/μm 2 ) is rather scattered as indicated by the standard deviation. At this ligand density, 3 out of 5 independent simulations show dynamic binding as illustrated in Fig. 5 (b) and 2 simulations show completely internalization (see Fig. 6 below).
Membrane rigidity effect
The CME depends not only on the particle but also on the mechanical properties of cell membrane. The membrane bending rigidity represents the stiffness of the plasma surface. Different types of cells have different membrane bending rigidities depending on membrane compositions, cell cytoskeleton and temperatures. Besides, diseases or viruses such as cancer and HIV infection may cause stiffness change compared with their healthy counterparts, which demonstrates the importance of membrane bending rigidity in drug design [82] [83] [84] . To evaluate the role of membrane rigidity on CME, we fix the particle size and ligand density at 100 nm and 5225/μm 2 respectively, and vary the membrane bending rigidities at 20, 40, 60, 80 and 100 k B T [65, 85] . The membrane stiffness affects the membrane's ability to Fig. 4 . Effect of particle size: (a) Area of CCP at different particle sizes. The standard deviation is based on 5 independent simulations. (b) The equilibrium profiles of the membrane-particle systems with particle diameters of 40, 80 and 160 nm, and the corresponding number of Tf-TfR bonds formed during MC simulations. The CCP (pink), bonded TfR (red), free TfR (black), bonded Tf (green) and unbonded Tf (blue) are all shown in the profiles.
accommodate endocytic deformation caused by clathrin. As shown in Fig. 7(a) , the area of CCP is decreased with the membrane bending rigidities. The dependence of CME on bending rigidity is through the competition among the ligand-receptor binding, clathrin accumulation and membrane deformation. It is easier for a soft membrane to deform and form the vesicle, while stiffer membrane has more resistant to the deformation. Upon ligand-receptor interaction, the clathrin coat is recruited to the membrane surface and causes local deformation. Soft membrane is able to accommodate the deformation and triggers the formation of more ligand-receptor bonds. As illustrated in Fig. 7(b) , increasing the membrane bending rigidity significantly reduces the number of bonds and area of CCP. Our results indicate that the internalization of particles is easier for softer membranes.
Conclusions
The clathrin-mediated endocytosis (CME) is a complicated endocytic mechanism involving molecular scale level ligand-receptor interaction as well as cellular level particle and membrane movement. In this paper, we developed a stochastic model based on Monte Carlo simulations for the process of CME. The model is capable of capturing the extreme membrane deformation as well as the growth of the clathrincoated pits. We implemented our model to study the internalization of transferrin coated nanoparticles through transferrin-receptor dependent CME, and systematically investigated the effects from particle size, ligand density and membrane bending rigidity.
Our results showed that the particle size played an important role in the CME. For a single particle, there exists a critical size below which the particle cannot trigger the internalization. Consistent with experiments [80] , clustering of particles is required for CME. Internalization of much larger particles may also become difficult due to the depletion of the local receptors. Therefore, a size of 80-100 nm is better for CME according to our simulations. The ligand density on particles also significantly impact CME. A threshold ligand density must be overcome to achieve internalization. Excessive ligand coverage may cause unnecessary ligand-receptor bonds, and reduce the free receptors leading to adverse effect on internalization. Growing number of experiments showed that the cancer cells are softer than normal cells [84] . Our study of membrane bending rigidity effect indicated that the internalization of particles through CME is easier for softer membranes.
Finally, a number of assumptions have been made to simplify our model. Considering the complexity in biological environment and uncertainties in experimental conditions, our comparisons with experiments can only be qualitative. For example, it has been shown that the transferrin coated nanoparticles lose their targeting ability when they are place in certain biological environment [86] . Other important assumptions in our model include a uniform ligand distribution on particles and a simple spring model for ligand-receptor interactions, which are far more idealized compared with realistic experiments. Nevertheless, our model is able to provide valuable mechanistic insights on this complex process. With the development of quantitative characterization techniques [87, 88] , and refinement of our model, we expect that more quantitative comparisons between model and experiments are possible.
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